Abstract-An examination of potential advantages of cell-site diversity with selection combining in the context of mm-wave fixed cellular systems is reported. The study involved simulation of converging radio links over weather radar images of the radar reflectivity factor, from which the specific attenuation of rain at 30 GHz was derived. The average correlation of attenuation on two converging links as a function of their angular separation is shown to indicate the potential benefits in the use of cell-site diversity, especially in heavy rain. Results show that diversity gain exhibits a dependence on angular separation in the general form of sin ( 2). For links of identical lengths the model reduces to a root-sinusoidal shape ( = 0 5), whereas links of unequal lengths lead to the ITU-R recommended model ( = 1). Based on the sin ( 2) model and observation of the length ratio of the links, a set of criteria for determining the benefit of cell-site diversity for a given subscriber location is proposed.
M
OTIVATED by recent interest in North America and Europe in the use of millimeter-wave radio frequencies to provide wireless access to broadband services, embodied in a system generally termed Local Multipoint Distribution System (LMDS), research activities have been initiated worldwide to study the propagation characteristics of millimetric radio waves. One of the natural phenomena that significantly influence the performance of communication systems operating in the cited band, but the study of which has not yet been sufficiently thorough, is rain attenuation. This is particularly true when the influence of rain is put into the context of point-to-multipoint, fixed cellular radio networks, in which spatial statistics of rain attenuation are as important as single-point temporal statistics. At high rainfall intensities, the occurrence of which is of special interest in systems requiring high-reliability links, the horizontal structure of rain is highly variable [1] . It is frequently observed that during a shower, high intensity rain is localized in a very small area surrounded by a region of more uniform, low intensity rain. Hence, in a cellular system under rain with very localized storms, there is a potential that a subscriber terminal receiving a heavily attenuated signal from one hub can obtain less attenuated, acceptable reception from another hub. This makes cell-site diversity appear as a very promising method for improving link reliability and area coverage.
Such a scenario can be roughly sketched as in Fig. 1 for cells with overlapping areas. When the link between a subscriber terminal (ST) and Hub 1, which is the closest and hence the default hub for ST, experiences a performance drop due to a high-intensity shower, there remains a possibility that Hub 2 or 3 can take over the service delivery. Which of the two hubs is selected to receive the handover depends on which hub location results in better signal reception at ST. This is all assuming that the receiver and antenna technology used at the subscriber site allows these links to be monitored simultaneously and continually, and the antenna main beam to be rotated, either electrically or physically, to execute the handover. In principle, it is akin to a macrodiversity scheme employed in mobile cellular systems to combat shadowing effects, taking the advantage of the fact that the effects of obstruction losses around links that connect a mobile terminal to different base stations are only partially correlated [2] , [3] .
In order to take the spatial variation of rain attenuation into account, field data in the form of radar reflectivity factor 0733-8716/02$17.00 © 2002 IEEE measurements made during rain in the Montreal area were used as the basis for link attenuation calculations. This area is located in rain region D1 according to Crane's model [1] or K according to ITU-R climate maps [4] . Hypothetical links were simulated over the radar measurement area, on each of which the rain attenuation was derived from the radar reflectivity measurements.
The only work similar in scope and methodology was reported by Tan and Pedersen [5] for the European LMDS frequency band around 42 GHz. They used radar images collected over a period of two years, over which they simulated arrangements of diversity systems with two identical-length links and selection combining. Their result suggested a sinusoidal model to predict diversity gain variation with respect to angular separation, which was subsequently adopted in an ITU-R recommendation [6] .
The model and results reported here are different from those in [5] . In particular, the gain for two links aligned in approximately opposite directions with respect to the hub was discovered in our study to be relatively insensitive to their angular separation. Thus a separation of, say, 110 between the two branches of a diversity system is adequate to yield a near maximum diversity gain. It was consequently considered that the half-sinusoid model of gain variation with angular separation could be improved by modifying the sinusoidal shape to accommodate for this insensitivity. Our results suggest further that cell-site diversity is potentially advantageous only to subscribers at particular locations, which will be shown later in this paper. In addition, our study considers configurations of links with unequal lengths, a situation that was not studied in [5] .
The paper begins with a brief description of the radar measurements and the simulation of radio links on radar images in Section II. Section III examines the correlation function of rain attenuation on converging links as a function of angular separation. An evaluation of diversity gain statistics for a few combinations of link lengths and angular separation is reported in Section IV. Observations regarding these statistics were used as the basis of the empirical model proposed and described in Section V. Finally, a summary is given in the last section.
II. RADAR MEASUREMENTS AND RADIO LINK SIMULATION
Data analyzed in the work reported herein were recorded by McGill University researchers at the J.S. Marshall Radar Observatory during field measurements of radar reflectivity factors (in mm /m ) over a circular area of 45-km radius centered at Montreal. The S-band horizontally scanning radar system that was used for the measurement is located near the Macdonald campus of McGill University in Montreal. The radar system operates at a wavelength of 10.4 cm with a peak transmit power of 800 kW and a 9.15-m-diameter parabolic dish. It measures the energy scattered back by hydrometeors as well as other objects (clutter) in the coverage area. The recorded data were converted into radar reflectivity factors by McGill University researchers and were subsequently stored and delivered to the authors in the logarithmic form (in dB relative to 1 mm /m ).
The radar measurements were sequentially made for 24 elevation angles, but only those made for an elevation angle of 3.4 were used in this study. At this elevation, the recorded radar image is not overly contaminated by the undesired detection of ground clutter and the snow melting layer. Sufficient data for a circular radar image with a resolution of 1 150 m were recorded every five minutes. More details on the radar system and measurements can be found in [7] and [8] .
In each radar image element (bin or pixel), a measurement of average radar reflectivity factor in mm /m was obtained, which corresponds to a specific value of rain intensity (mm/hr) and specific attenuation (dB/km). An estimate of specific attenuation in a bin can be obtained from by applying:
(1)
The coefficients of the above power-law relationship were derived previously by the principal author from raindrop size distribution measurements made in Montreal and Toronto [7] , [9] . 1 The values adopted are for vertically polarized radio waves at 30 GHz, 0 C water temperature, and raindrop shape as given by Oguchi's oblate spheroid model [11] .
Two circular regions within the radar coverage area that were free from the effects of ground clutter and the melting layer were selected, within which radial radio links were simulated. The centers of these circular areas are physically located at approximately 17 km SW and 22 km SSW of Montreal, respectively. The radial radio links were separated by 1 from one another. Rain attenuation (dB) on a simulated link is computed by integrating the estimates of specific attenuation (dB/km) along the link. This is calculated for every radial link at various distances from the center, ranging from 1 to 5 km with 100-m resolution, hence allowing simulations and analysis of diversity configurations with different link lengths. An attenuation estimate is associated with a radial link of length km and azimuth with respect to the center, which is simulated on a radar image recorded at time .
The recording of radar measurements used in the analysis spanned a period of almost two years, commencing in October 1998 and ending in October 2000 with some periods of radar inactivity in between. The total number of usable radar records in the database is 138 939.
III. ANGULAR CORRELATION
To gain preliminary insight into the potential advantage offered by cell-site diversity, the correlation of attenuations on two converging links was investigated. The correlation measure considered herein is the normalized angular autocorrelation function of rain attenuation (expressed in linear terms) averaged over all simulation samples. For each set of common-ended radial links simulated on a radar record for time , the angular autocorrelation between attenuation levels on two links of identical length kilometers separated in azimuth by degrees was evaluated by applying the circular correlation procedure. The results from all simulations were then averaged over the whole radar measurement period. That is (2) where denotes the rain attenuation in dB on a radial link at azimuth degrees at measurement time , means that the summation inside the double brackets is done modulo , and indicates averaging over time. This function is computed for a specific value of and is used to examine the variation of correlation in attenuation for different separation angles, regardless of the azimuthal orientation of the paired links.
To study the effect of rain intensity a number of curves of the average correlation function were computed, each corresponding to a different attenuation ( dB). The correlation function of a set of radial links spanning 360 , whose maximum attenuation is , was included in the averaging to obtain the curve associated with attenuation only if . The result for two 2-km links is shown in Fig. 2 . The ten curves from top to bottom represent the correlation for dB. Two observations can be made from Fig. 2 . Firstly, the magnitude of the correlation decreases when the limit for maximum attenuation is greater. This indicates that correlation of attenuation among different links is less when the radio cell area contains high-intensity rain cells, as anticipated. Secondly, it can be seen that all correlation curves decrease steeply when the separation angle increases from 0 to around 100 , are relatively flat for separation between 100 and 260 , then increase rapidly again toward 360 . This raises an expectation that cell-site diversity would be almost equally effective for all angular separations of the two radio links ranging between 100 and 260 .
IV. CELL-SITE DIVERSITY GAIN

A. Diversity Gain Computation
Since it is apparent that for a range of angular separations at moderate and high rain rates, correlation of attenuations on two converging links is low, it is considered to be of interest to examine potential diversity gains. Diversity gain is defined herein as the difference in link attenuation in dB for a given percentage of time between single link and diversity configurations. That is, diversity gain at percentage of time can be obtained as follows: (3) where and are the single-link and two-link attenuations, respectively. For diversity with selection combining, each sample of the two-link attenuation is computed as (4) with and being attenuation levels on the two links. In addition to the adoption of selection combining for this study, it is also assumed that both links of the diversity structure are under LOS conditions at all times and experience clear-sky attenuation that obeys a free-space quadratic increase with range. Otherwise, both links are assumed to be blocked with approximately equal and small shadowing loss. The free-space condition is achieved when an antenna with a very narrow beam in both azimuth and elevation is employed at both ends of the links, such that the effects of multipath propagation can be ignored.
By the above assumptions, for a configuration with two links identical in length, (4) for selection diversity can be applied directly with and denoting rain attenuation only on the first and second link, respectively. That is, the link selected at any time is simply the one with the lower rain attenuation. However, for a configuration in which one of the links is shorter than the other, (4) was applied differently. In this case denotes rain attenuation on the shorter link, while represents the sum of rain attenuation on the other, longer link and an extra term to account for the difference in free space loss between them. Hence (5) where and represent rain attenuation (dB) and length (km) of the th link, respectively, with the first link being the shorter.
B. Results From Radar Measurements
All available radar images were included in the simulations. Several scenarios were considered for the simulated diversity configurations. Fig. 3 shows complementary cumulative distribution functions (CCDFs) of rain attenuation for cases in which the two diversity branches are both links of 2-km length with separation angles of 90 , 180 , and 270 . Fig. 4 shows the CCDFs for configurations with the same three angular separations, but with the main link 2 km long and the alternate 3 km in length. In this case, the effect of the difference in propagation range is taken into account by applying equation (5) . The two results presented here were obtained by setting the 2-km link oriented at an azimuth of 0 with respect to the converging point as the fixed reference.
It can be observed from Fig. 3 that for this particular arrangement, for percentages of time greater than 1% there is little gain offered by the diversity scheme with two 2-km links. However, the diversity gain is greater for smaller time percentages. For two 2-km links with 180 separation, the gain is approximately 2 dB at 0.1% and 5 dB at 0.03%. Thus, diversity serves as protection against rare occurrences of heavy convective rain.
In addition, Fig. 3 shows that for 1% of the time, the difference in the diversity gain for various separation angles is negligible. At 0.1%, the scheme with 180 separation is better by less than one dB compared to the 90 and 270 separations. At 0.03%, this difference becomes approximately one decibel. It, therefore, appears that for this diversity configuration there is not much to be gained when the angular separation is increased from 90 to 180 . A general conclusion, however, is presented later in the paper when results from using multiple references at different azimuths are examined statistically.
Diversity gain diminishes when the second link is 3 km in length, as shown in Fig. 4 . There is negligible gain at 0.1%, whereas at 0.03% the gain becomes approximately 3 dB for 180 separation. This is ascribed to the difference in path length that leads to the clear-sky path loss on the second link being larger by about 3.5 dB than that on the main link according to (5) .
From Fig. 4 for the case of 2-and 3-km links, it is observed that diversity gain for 90 separation is greater than that for 270 , giving an impression of asymmetry in the spatial distribution of rain. However, results for different reference azimuths show different variations of gain with angular separation, which could be caused by the two-year limitation of radar data used in the simulation. The following examination of the average of this function over configurations with reference links pointing at different azimuths shows near-symmetrical variation of diversity gain around 180 separation.
The solid line in Fig. 5 depicts average diversity gain for two 2-km links at 0.1% probability as a function of angular separation computed from multiple simulations with reference links oriented at different azimuths that ranged from 0 to 330 with 30 steps. The figure also shows the range of around each average gain, where is the standard deviation of gain for that particular separation angle. A curve in the form of is given by the dashed line, with parameters and computed by nonlinearly fitting the expression to the simulation results.
It can be observed from the figure that, firstly, the diversity gain shows some amount of variation when cases with different reference azimuths are examined. Asymmetry of the gain around an angular separation of 180 in individual cases is noticeable from the asymmetry of the standard deviation values around 180 . However, the average gain appears to be symmetrical around 180 . Furthermore, the curve fit approximates well the diversity gain average. Based on consideration of these observations, it is concluded that a model to be used in diversity gain prediction should include consideration of results for diversity arrangements with reference links having different azimuthal orientations.
V. MODELING FOR PREDICTION OF CELL-SITE DIVERSITY GAIN
A. Considerations
Based on previous sections, the following two guidelines can be established. Any model to be developed should reflect relative flatness in diversity gain for angular separation in the 100 -260 range and should be symmetrical with respect to 180 separation.
The sinusoidal model [5] already takes symmetry into account in predicting diversity gain for a specific angular separation. However, the model shape around its peak at 180 appears too sharp when compared to the shape of the diversity gain variation obtained from radio cell simulations. In addition, the modeling reported in [5] also lacked treatment for diversity configurations with two links having different lengths. It is therefore considered necessary to propose a new model to eliminate these problems.
B. Assumptions and Limitations
It is assumed that the relation describing the variation of diversity gain with angular separation is symmetrical around 180 . On average, diversity gain is maximum when the angle separating the two links is 180 , that is, when the two diversity branches are oriented opposite to one another.
The model proposed is applicable only for LOS links operating at 30 GHz in the rain region into which the area surrounding Montreal has been classified and the range of link lengths used in the simulation study. The range of link lengths considered herein limits the application of this model for cellular systems consisting of small cells only, with typical spacing between adjacent hubs of 2-8 km.
C. Prediction Model
With all the above points being considered, a new model for cell-site diversity gain is proposed in the following form: (6) where is the diversity gain obtained for angular separation of at fading time percentage of %, and are parameters of the model that vary for different combinations of link lengths.
This model was fit through nonlinear regression using the Gauss-Newton method [12] to diversity gain values calculated from simulations with the reference links pointing at azimuths that ranged from 0 to 330 with 30 spacing as before. In the case of two links of unequal lengths, the shorter link was taken as the reference, that is, . The fitting procedure produced pairs of parameters and for various combinations of link lengths and percentages of time.
Some of the fitted curves are presented in Figs. 6-9, on each of which the scatter plot of the simulation results and the fitted curves of sinusoid and root sinusoid form are superimposed. These curves are for two diversity scenarios: Figs. 6 and 7 show the results for configurations with both links being of 2 km length, whereas Figs. 8 and 9 exhibit the fit for configurations in which the reference link is 2 km long while the alternative is 3 km. For each scenario, the gain values at fading time percentages of 0.1% and 0.03% (or equivalently, link reliabilities of 99.9% and 99.97%) are shown. A more complete list of the results for length varying between 1 and 4 km and for reliabilities of 99.9%, 99.95%, 99.97%, and 99.99% is shown in Table I . Combinations for which yields a value less than 0.5 dB are not shown since such gain levels are considered of little use in practical systems. The two coefficients of the model, and , are given in the table together with their respective confidence intervals at the 95% confidence level [12] .
From Figs. 6 and 7 and Table I , it can be observed that for arrangements having two links of equal length , exponent is in the range of 0.4-0.6. A consistent relation between and is not apparent. The values of are lower for shorter links ( km) than for longer ones ( km). For these configurations, the fit to a root-sinusoidal form produced sums of squared errors only slightly greater than those for the fit to the proposed model with being optimized through the regression. On the other hand, Figs. 8 and 9 and Table I show that two links of unequal lengths (
) yield values that are approximately in the 0.7-1.4 range, and having a tendency to be lower for higher ratios of and higher reliabilities. For these arrangements, the sinusoidal function of angular separation shows a slightly poorer fit From the examination of the values of in Table I for  various combinations of and , it appears that is necessary to prevent the difference in path loss from dominating over the advantage of diversity. This is true at least at 99.9% reliability and for the range of link lengths considered in the simulation, i.e., 1-4 km. When , the link length should be at least 2 km in order for to reach 2 dB or more for a reliability of 99.9%, and 3 dB or more for a reliability of 99.95%.
D. Application for Cell-Site Diversity
When using the model given by (6) , it is also of interest to determine the range of separation angles for which the decrease in diversity gain from its peak at 180 is expected to be less than a specified percentage . Equation (6) can be modified to consider this and rewritten as rad (7) Fig. 10 . Areas in a four-sectored rectangular cell that can benefit from cell-site diversity, as predicted by the proposed model with 10% gain reduction allowed.
where is the separation angle for which the diversity gain (dB) diminishes by a portion from the maximum value at 180 . Although not explicitly stated, the evaluation of the expression also depends on the percentage of outage time or reliability level being considered. Using the case of two 4-km links as an example (see Table I ) for which dB to attain 0.1% outage time due to rain attenuation, a value 10% refers to a gain of 4.5 dB for angular separation of . The ranges of separation angles computed using (7) for various values of and are given in Table II. An observation can be made as follows. Consider only diversity systems with links of almost identical length, for which the value of is approximately 0.5 at any probability level as demonstrated by the results presented in Table I . Also consider that only base stations with angular separations that result in a reduction of 10% or less in diversity gain relative to are deemed acceptable. A subscriber located approximately at the same distance from two hubs qualifies as potential user of cell-site diversity when the two hubs and the subscriber subtend an angle in the 108 -252 range.
Based on the foregoing observation, a set of criteria can be proposed to determine whether a subscriber station might benefit from cell-site diversity under rain in a 30-GHz fixed cellular system that employs small cells.
a) The two hubs under consideration must involve links with approximately equal levels of clear sky attenuation to the subscriber terminal. An effort should be made to optimize the subscriber antenna location to obtain a LOS path to each of the hubs. b) The hubs must be at almost the same distance, with a minimum of 2 km, from the subscriber. The distance ratio between the closer and the farther of the two hubs should not be less than 0.75. c) The positions of the hubs are such that they make an angle as close as possible to 180 with respect to the subscriber terminal. However, if a slightly reduced diversity gain is allowed, a separation angle as small as 108 is acceptable. As an example, consider a square area covered by four cornerlocated base stations, BS through BS , which is a part of a larger cellular network with four-sectored rectangular cells. It is assumed that all subscribers in the coverage area satisfy criterion a), whereas both b) and c) are required for the cell-site diversity scheme to work effectively under rainy conditions. It is also assumed that the spacing between two neighboring hubs is 4 km or more, such that subscribers located exactly on the cell border will satisfy criterion b). The portions of the area in which subscriber terminals satisfy these criteria and benefit most from the use of the diversity scheme are illustrated in Fig. 10 .
The shaded regions are those that can be covered by two or more base stations under the constraints given above. The total area of these regions is found to be approximately 28% of the nominal service area. It is also observed that these regions are located near the borders among the cells, which are also the locations of subscribers that suffer the most from rain attenuation. Subscribers in areas closer to the base stations, conversely, would not realize much advantage from cell-site diversity but at the same time are less likely to experience outage due to rain attenuation.
When the sinusoidal model, given by expression (6) with , is used, the range of acceptable separation angle becomes 128 -232 . The total area of the regions where cell-site diversity is considered effective predicted by applying the same constraints is found to be around 19% of the nominal service area, as depicted in Fig. 11 . This underestimates the portion of service area that can benefit from cell-site diversity, as previously predicted using . When the model with is again used, but this time allowing reduction in diversity gain of as much as 20%, corresponding with 80 , the regions that could be effectively covered by more than one hub in a diversity system make up 32% of the nominal service area. As can be seen in Fig. 12 , there are even some portions of the area around the center of the square where more than two hubs are available to serve a subscriber station in a diversity configuration.
VI. SUMMARY
Examination of correlations of rain attenuation indicates that correlation between attenuations on two links with angular separations in the range between 100 and 260 is not very sensitive to the angle, which raises an expectation that cell-site diversity under rainy conditions would be equally effective for any angular separation within this range. Correlation results for different attenuation (or rain rate) maxima also promise more advantage in the use of cell-site diversity in a heavy storm than in a light rain.
Diversity configurations were simulated for LOS links or links with equal, small obstruction loss assuming selection combining. A profile of diversity gain as a function of separation angle was obtained by fixing one link as the reference and changing the azimuthal orientation of the other link with respect to the convergence point. The shape of the curve, i.e., the symmetry, the maximum gain and the sharpness/flatness around the maximum near 180 , was found to vary from one profile to another, each corresponding to a unique reference link. Accordingly, a new model in the form given by equation (6) was proposed for prediction of diversity gain expected for a combination of link lengths and separation angle at a given time percentage. Two parameters of the model and , each of which varies with link length, angular separation and time percentage, were derived by fitting the model to simulation results obtained for different reference links.
The values of and sums of squared errors presented in Table I indicate that for arrangements in which the two links are of identical length, a model of root sinusoid can produce better prediction of the variation of diversity gain with angular separation compared to the sinusoidal model in [5] . When the links are different in length, varies around unity depending on the ratio of the lengths. In this case, a sinusoidal shape can be used to obtain an estimate of the gain variation with respect to separation angle. When the values of were examined for links of unequal lengths, it was found that a minimum ratio of 0.75, where are the lengths of the links, is necessary for the diversity system to remain beneficial, at least for 99.9% link reliability and for links ranging from 1 to 4 km.
A set of criteria was suggested for use in assessing the advantages of cell-site diversity for a subscriber station in a fixed cellular system with small cells operating at 30 GHz. When these criteria were applied in a cellular scenario consisting of four-sectored rectangular cells with each square region served by four corner hubs, it was found that 28% of the service area can potentially gain from the application of cell-site diversity under rainy conditions when a reduction in diversity gain of 10% at most is acceptable relative to that for the 180 separation. These regions were found to be concentrated near the borders among the adjacent cells. When a reduction of 20% in diversity gain is allowed, 32% of the service area can benefit from cell-site diversity, with some regions having the possibility of being served by more than two hubs in a diversity mode. thank Dr. R. Olsen of the Communications Research Centre for recommending that the work be focused on the spatial variation of rain attenuation, and the use of radar data in simulations, rather than measurements from a few isolated links.
